A quasi-1D simulation model was developed to estimate total area-specific resistance for overvoltages (R tot ) and cell voltage by separating gas conversion impedance (GCI) from overall real-part impedance in high temperature steam electrolysis with a solid oxide cell (SOEC). GCI and R tot for a square cell was estimated as 0.012-0.011 Ω cm 
degradation rate, that is generally 1-4 % per thousand hours [6] [7] [8] compared to solid oxide fuel cells (SOFCs) of 0.2-1 %/kh [9, 10] .
To develop an SOEC or its stack with better performance, evaluation of overvoltages derived from ohmic loss, activation processes, and gas diffusion in electrodes is important.
Electrochemical impedance spectrometry (EIS) is often used to investigate these processes and to try separating each process and evaluate frequency-dependence and area specific resistance [11] .
As an impedance spectrum of an SOFC is shown in Fig. 1 , two semicircles or arches for higher and lower frequency processes would be often observed in EIS measurement in SOFCs.
Considering analogy from SOFC, impedance spectra in SOEC may include a gas conversion impedance (GCI) [12, 13] . GCI originates from gas composition change in gas channels due to altering current or voltage at lower frequencies with a characteristic frequency at typically 1. ) [13] . However, GCI has not been well discussed or quantified for SOEC in literature, except GCI was mentioned by Jensen et al. [14] . voltages at different current-densities between simulation and experiment. In addition, case studies were carried out at 800°C to investigate effect of reduced gas flow-rate on cell performance and distribution of current density and other parameters in the cell and effect of R tot on V-J curves. A simulation model was developed to calculate gas conversion impedance (GCI), voltagecurrent-density curve, and local distribution of mole fraction of gases, electromotive forces, and current densities in a single cell. In the simulation, GCI should be calculated first, followed by evaluation of total area-specific resistance R tot which corresponds to total overvoltages. Then, those outputs were obtained after convergence. Details are explained in following subsections.
Geometry of a single cell unit
As shown in Fig. 2 , a single cell unit used in experiments was modeled that consists of a cell (Forschungszentrum Jülich [17, 18] ), current collectors, and gas manifolds. The cell is composed To investigate local gas mole-fraction, electromotive force, and current density, x-direction was divided by 100, making a node size to x-direction, ∆x = 0.040 cm. Gas channel on cathode and anode is defined as a space between the electrode surface and the gas manifold surface for each electrode (4 cm × 4 cm × height h), which means not only space for a current collector but also grooves in the manifolds. Since the gas manifolds used in the experiment had complex grooves, averaged height of the gas channel for cathode and anode along z-direction is used as h c = 0.174 cm and h a = 0.174 cm, respectively. It was reported that size of GCI in SOFC is roughly proportional to channel height [13] . Most of the gas channels are filled with Ni and Pt current collectors for cathode and anode, respectively. The current collectors were made of plain-weave meshes. According to a porosity calculation equation for plain weave [19] , an average porosity ε po,c = 0.945 for the cathode gas channel and ε po,a = 0.953 for the anode one was obtained respectively, considering the mesh sizes and wire diameters. Tortuosity τ for both electrodes is set at 1.05 for both gas channels derived from general relationship between ε po and τ [20] . Both parameters influence gas diffusivity in the gas channels.
As exhibited in The temperature of the cell, anode gas, and cathode gas was basically 800°C, otherwise noted.
Cell voltage V cell is defined as potential difference between the Pt current collector and the Ni current collector. In this paper, positive-value of current I, overall current density J, and local current density j o means electrolysis mode.
Governing equations
To carry out numerical simulations at the standard gas pressure p o or 101.325 kPa, following points were mainly assumed; 1. Gas flow to x-direction in a gas channel of both electrodes is homogeneous at any y position, so that quasi-1D simulation is valid considering the channel height h in z-direction. 
,
where c i is molar density for gas specie i, v c and v a is line velocity to x-direction of cathode gas and anode gas, respectively. The effective binary diffusion coefficients , in Eq. 2-4 were given by Eq. 5 [21] , ,
where ε po and τ is porosity and tortuosity of a gas channel mainly governed by those of current collectors, respectively, for each electrode. Binary diffusion coefficients , were obtained by the Chapman-Enskog theory [22, 23] , 0.001858
where T is an absolute temperature (K), σ i, j is average collision diameter (Å), Ω D is a temperature-dependent collision integral (−), and M i and M j are molecular weight for gas species i and j. Ω D was calculated as a function of the non-dimensional reduced temperature T* = T / (ε i,j /κ) which is estimated from T and normalized characteristic energy , / in the Lennard-Jones potential for the binary system [23, 24] . Detailed estimation way of Ω D can be equations. Table 1 Collision integral and binary diffusion coefficient Using the equation of state, partial pressure for each gas specie was obtained as follows;
where i is H 2 , H 2 O, or O 2 . Partial pressure of nitrogen was calculated by p o -. Continuity for cathode and anode sides was given as follows, respectively [13] .
R act C act -R dif C dif -E emf where each area specific resistance R corresponds to ohmic, activation, and diffusion overvoltages, respectively. In this paper, only direct-current simulations were implemented, so that the capacitances size C is arbitrary. Local current density, j o was obtained from Eq. 10. To evaluate distribution of the local current densities along x-direction, V cell and total area-specific resistance R tot (= R ohm + R act +R dif ) should be given. Therefore, each areaspecific resistance is not necessary which is difficult to separate and obtain except by special techniques such as analysis of distribution of relaxation times (DRT) for impedance spectra [26, 27] . An overall current I through the whole electrode is obtained by integrating j o , which can be approximated as in Eq. 11.
where the , represents a current density at n-th node in x-direction and ∆x is length of a node The cathode-gas flow-rate (sccm) is a volumetric flow-rate at 0°C and 101.325 kPa for ideal gas. Steam utilization means percentage of steam reacted in cathode by electrolysis and converted into hydrogen.
Evaluation of GCI and R tot
As mentioned in introduction and schematically shown in Fig. 1 , real-part of impedance spectra will consist of impedances corresponding to not only ohmic, activation, and diffusion overvoltages but also gas conversion impedance (GCI). The diffusion impedance may be convoluted in the right lower-frequency arch. If GCI is properly estimated, the total area-specific resistance R tot could be evaluated from the overall real-part impedance (ORI). In this paper, Eq.
was presumed.
R tot = ORI -GCI (13) This way of R tot estimation is denoted as Method A. Overall real-part impedances were obtained at several current densities in impedance measurements described in section 3.
In addition, differential slope of voltage-current-density (V-J) curves, or ∂V/∂J should accord with ORI at ideal conditions. This is because 1. impedance is ratio between voltage and current, 2.
real-part impedance reflects ability of a circuit to resist the flow of electrical current and 3.
impedance measurements are carried out by superimposing small ac current on a dc current [11, 28] . Therefore, R tot could be also obtained by
which is denoted as Method B for R tot estimation. ∂V/∂J were calculated from experimentally obtained V-J curves and curve-fittings followed by differentiation.
Therefore, GCI should be estimated first with a value R tot roughly guessed from EIS data. This rough use of R tot as an initial value is acceptable since R tot has only small impact on GCI as shown later. Thus, GCI was evaluated with R tot = 0.200 Ω cm to obtain ∂V/∂J by differentiation of the curve and GCI by transformed Eq. 14, or ∂V/∂J -0.200 Ω cm 2 .
Next, R tot was finally estimated by Method A or Method B with the calculated GCI and experimentally obtained ORI or ∂V/∂J at several current densities J, respectively.
Solution method
First, gas composition and flow-rate of cathode and anode gases supplied to each electrode, a cell-and-gases temperature, R tot , steam utilization U st , and initial cell voltage (e.g. 0.900 V) were given.
Then, the advection-diffusion equations, or Eqs. 2-4 were solved by the explicit finite differential method in following boundary conditions (Eq. 15-18). It was presumed that there is no current at nodes for the left and right edges (x = 0-0.04 and 3.96-4.00 cm). Molar density at position x and time t is expressed as c i (x, t) for gas species i.
0,
, ,
where , is mole fraction of gas specie i at gas inlets (x = 0). 
For anode,
where U ox (%) represents degree of O 2 evolution by electrolysis calculated from Eq. 19.
, 0 = 0,
Iteration was continued with scanning V cell until current I met one for a set steam utilization (Eq. 12) by ± 0.001 A and difference between , and , ∆ became less than 10 −3 % where ∆ is time step. As a simulation result, V cell , I, J, local mole fraction χ i , E emf , and j o were output.
A Ni-8YSZ supported cell was used at 750-850°C to obtain V-J curves and electrochemical impedance spectra at several current densities. Impedance spectra were measured to evaluate overall real-part impedance (ORI) and R tot by Method A as mentioned in section 2.3. On the other hand, V-J curves were used for evaluating ∂V/∂J and R tot by Method B and also for comparing to V cell simulation results.
As mentioned in section 2, the Ni-8YSZ/8YSZ/CGO/LSCF cell was obtained from
Forschungszentrum Jülich, Germany [17, 18] . The 1-mm thickness Ni-8YSZ support was produced by warm pressing using a so-called Coat-Mix material and pre-sintered at 1230°C. As schematically exhibited in Fig. 2 , a single cell unit was assembled with the cell, a Ni current collector for cathode, a Pt current collector for anode, and gas manifolds. Thermocouples were inserted at gas inlets and outlets. Gas sealing was implemented with gold rectangle-shaped ring for both electrodes [18] . During electrochemical measurements, temperature difference between inlet and outlet was about 2 K. This small temperature change suggests that hydrogen combustion due to gas leakage could be negligible and gas sealing would be almost perfect.
Cell testing started from heating up to 900°C at 3 K/min, followed by reduction procedure described elsewhere [29] . Then, cell temperature was decreased to 800°C where several V-J and EIS measurements were carried out at an ambient pressure. To investigate temperaturedependency of V-J curves, cell testing was also implemented at 750 and 850°C. 
GCI estimation and V-J curve validation at 800°C
Gas conversion impedances (GCI) were estimated from V-J curve simulations assuming total area-specific resistance R tot = 0.200 Ω cm 2 at 800°C. As shown in Fig. 4 , GCI was estimated as 0.0121-0.0101 Ω cm 2 at J = 0.00-1.77 A cm −2 . These GCIs correspond to ca. a quarter of the lower frequency arch in the impedance spectra (see Fig. 5 ), while the residual 3/4 could be due to diffusion overvoltages since the Ni-8YSZ electrode was as thick as 1 mm. GCIs were also found to be only 4 % of the overall real-part impedances.
These GCIs are far lower than 0.5-1.0 Ω cm 2 reported by Takano et al. for a seal-less SOFC [13] . Though it is difficult to compare directly GCI at different conditions such as gas compositions and with/without gas seal for SOEC and SOFC, the GCI difference will be due to one in flow-rates per electrode-area considering from GCI principle that GCI is inversely proportional to gas flow-rate at a very small electrode [12] . We used the flow-rates per electrode area in this paper at 125 sccm cm for air electrode, while 3 sccm cm −2 and 15 sccm cm −2 were used in Takano's work [13] , respectively. Since GCI is more affected by fuel flow-rate, 42-times higher fuel flow-rate in this paper was used than one in their work, which roughly agrees with the GCI difference by 42-100 times. Effect of flow-rates on GCI in the SOEC will be discussed in section 4.3.1.
As a result of sensitivity studies, it was confirmed that selection of R tot will influence GCI calculation only by 0.0010 Ω cmestimation method can be reasonable and practical. The estimated GCIs will have at least ±0.0006 Ω cm 2 uncertainty at 95 % level of confidence, considering from uncertainty estimation type B assuming rectangular distribution. [30] . Then, cell voltages V cell and V-J curves are simulated using calculated GCIs and experimentally obtained impedance spectra (Method A) and V-J curves (Method B). Figure 5 displays impedance spectra at 800°C at different current densities. From right edge positions of the real-part in each spectrum, overall real-part impedances (ORI) were determined. According to Eq. 13, subtraction of GCI from ORI gave R tot (Method A) (see Table 2 ). On the other hand, by differential of the experimentally-obtained V-J curves as in Fig. 6 , R tot (Method B) was estimated from ∂V/∂J -GCI (Eq. 14). As exhibited in From the above, both methods can precisely predict cell voltages at high temperature steam electrolysis. And GCI and R tot in SOEC will be well estimated by the simulation model. Table 2 Estimation of GCI, R tot , V cell , and V cell simulation error at 800°C Gas supply conditions were the same as in Fig. 6 . (see Table 2 ), so that fixing R tot could be allowed. As shown in Fig. 6 , simulated curve agreed well with one measured at identical operating conditions. Error analyses clarified that simulation errors were ± 0.26 % to the measured values at 95 % level of confidence.
Using a fixed R tot for a higher current density was found to be a convenient way, though its precision will be somewhat worse than ±0.12 % in the point-to-point V cell simulation by the Method B as in Table 2 . Fig. 7 -Importance of GCI consideration for V cell simulation precision at 800°C. Gas supply conditions were the same as in Fig. 6 .
As mentioned above, simulated GCIs were about 4 % of overall real-part impedance, so that we investigated effect of GCI on V cell simulation error, or (V cell,sim − V cell,meas )/ V cell,meas to elucidate whether such small GCI can be ignored or not. As displayed in Fig. 7 , it was clarified that the simulation errors could be bigger at higher current densities (J ≥ 0.5 A cm −2 ) when R tot was given as ORI by omitting GCI. According to Eq. 10, cell voltages (V cell ) can be calculated by V cell = E emf − R tot j o , depending on R tot and j o, so that good precision of R tot estimation will be required at higher densities J where local current density j o tends to be large. Thus, even though GCI is small to overall real-part impedances or R tot at the higher flow-rate conditions, it is important to consider and estimate GCI for precisely understanding cell performance and total area-specific resistance or total overvoltages.
It is sure that GCI may be ignored by increasing gas flow-rates further or decreasing active electrode area, since GCI at a practical-sized SOFC is almost inversely proportional to flow-rate [13] . However, this will not be beneficial for cell or stack testing with relatively large electrode area (> 10 cm 2 ) because supply at far larger flow-rates is required, resulting in difficulty in calibrating flow-rates and preheating gases. For the used cell case (16 cm 2 ), flow-rates should be ten times higher, or 20,000-30,000 sccm to reduce GCI to order of 0.001 Ω cm 2 . Therefore, the simulation method considering GCI will be useful to understand total overvoltages and predict well-gas-sealed cell performance.
Temperature dependency validation
To evaluate validity of our simulation method at other cell temperatures, temperature- at wide cell temperatures. Each R tot , or total overvoltage and GCI could be evaluated precisely also at 750 and 850°C. 
Case studies at 800°C
Case studies were carried out to elucidate SOEC performance at more practical operating conditions, or reduced flow-rates. Simulations were implemented by the method with a fixed R tot at 800°C, assuming R tot is constant at every current density even if gas flow-rate and composition change. In addition, effect of R tot on V-J curves was discussed.
Effect of reducing gas flow-rates for practical conditions
So far, gas flow-rates for cathode and anode was set as 2000 and 3000 sccm (hereafter, denoted as reference flow-rates) to the 16 cm 2 effective electrode area, respectively, in the simulations and experiments to suppress gas-composition change in the electrodes, leading to low steam utilizations such as 6.8-11.9 % at 1.0-1.75 A cm Figure 9 shows V-J curves for the different flow-rates. As flowrate decreased, increase in cell voltages was observed. Since R tot was common at those flow-rates, the V cell differences were derived from ones in electromotive forces in the cell. Reduction of flow-rate at a current density leads to increase in H 2 mole fraction in cathode and O 2 fraction in anode, resulting in higher electromotive forces.
As emphasized in the 1/12 case (see Fig. 9 ), the V-J curve was more bent at lower and higher current densities and rather straight at mid-current-densities around 0.5-0.9 A cm
. As a result of GCI calculation for the case, as exhibited in Fig. 10 , GCI against current density and steam utilization was found to be U-shaped in SOEC with 0.08-0.13 Ω cm 2 . This agrees with the GCI shape for a 57 cm 2 SOFC where lower and higher fuel utilizations led to higher GCI [13] . The shape in this paper was not perfectly symmetrical with its center at U st = 50 % since the cathodeinlet steam mole fraction was 82 % instead of much higher one.
Validation of those V-J curves with experimental data will be desirable in future after a cell with larger electrodes is developed. Reference flow-rate: f c = 2000 sccm, f a = 3000 sccm. Gas compositions were the same as in Fig. 4 .
Comparing to the 0.01 Ω cm 2 -order GCIs at the reference flow-rates (section 4.1), GCI increased by one order of magnitude at 1/12 reduction of flow-rate (see Fig. 10 ). Table 3 shows GCI and specific GCI at 0.00 A cm
and 800°C for the reduced flow-rates. The specific GCI means a normalized GCI to one at the reference flow-rates. It was confirmed that GCIs in SOEC were roughly inversely proportional to the gas flow-rate at high temperature steam electrolysis, accounting for 10 % smaller from the principle. This result agrees with the GCI principle in solid oxide fuel cells with a small electrode area where gas composition change is small in the electrodes [12] . The 10 % differences of specific GCIs from the principle may be because the modeled cell had a relatively large electrode area, 16 cm 2 and gas compositions change locally. at 82 % steam utilization (U st ). Therefore, high steam utilization at practical SOEC operation will impose much higher current densities at the gas inlet in the case of co-flow configuration than averaged current density. Since it was reported that SOEC will be more deactivated at higher current densities than at lower ones [8] , high steam utilization could locally deactivate cells and stacks at those higher current-density regions. When cells with a small electrode area are tested with higher flow-rates or lower steam utilization in long term, several current densities should be used, e.g. 40-50 % increased and decreased ones from a rated current density in practical operation. Distribution of current-density and gas composition will be measured in future after a larger cell is developed and these simulation results or the developed simulation method be validated.
Effect of total area-specific resistance
To assess targeted total area-specific resistances for cell development, effect of R tot on V-J can be expected. A quasi-1D simulation model was developed to interpret total area-specific resistance (R tot )
that accounts for total overvoltages in high temperature electrolysis of steam with a solid oxide cell (SOEC) and to discuss gas conversion impedance (GCI) in SOEC. The developed model was found to be a precise tool to estimate GCI, total area-specific resistance or total overvoltages, and V-J curve. Electrochemical impedance spectra in SOEC will include GCI. Detailed conclusions are summarized as follows.
(1) GCI for a square cell (16 cm 2 ) was estimated at 800°C and relatively large flow-rates, and 800°C accompanied with ±0.12-0.21 % errors in cell voltages against measured ones. Therefore, the developed model can precisely estimate GCI and R tot for SOEC.
Even though GCI is small compared to R tot , ignoring the GCI will result in higher simulation errors especially at J > 0.5 A cm −2 .
(2) Another method fixing R tot for each temperature can be easier than the point-to-point simulation above and attain ±0.3 %-level precision to measured cell voltages though it showed slightly higher errors. This method was found to be valid at different cell temperatures such as 750-850ºC.
(3) Case studies clarified that GCI in practical-sized SOEC (not button cell) is roughly inversely proportional to gas flow-rate and depends on steam utilization. Reducing flow-rates for practical SOEC operation will lead to large distribution of current density in a cell. Hence, degradation behavior will be worse at gas inlet side due to higher current densities. Furthermore, decrease of R tot to 0.150 Ω cm 2 could attain more than 1.75 A cm −2 at 1.30 V and 800°C.
